Abstract-A General Extrapolation Technique which corrects for the effects of ground reflections in absolute gain measurements is described. It utilizes the Extrapolation Method developed at NBS which, in its present form, utilizes only amplitude versus distance data. However, for broadbeam antennas such as those encountered below 1 GHz, ground reflections may produce unwanted oscillations in the amplitude versus distance data. Hence the data are not amenable to the curve-fitting procedure of the Extrapolation Method. This problem can be overcome by including phase versus distance information to reduce the effects of ground reflections.
INTRODUCTION A SPECIFIC OBJECTIVE of the Antenna Systems
Metrology Group at NBS is to develop the required techniques and standards for accurately determining antenna characteristics. One existing NBS measurement service is the accurate calibration of transfer standard antennas (on-axis gain and polarization) by the Extrapolation Method. The theoretical basis of this method was developed by Wacker [ 1] and its application to accurate antenna measurements has been described briefly by Newell and Kerns [2] and more fully, in an experimentally oriented paper, by Newell et al. [3] . The method utilizes a generalized three-antenna approach which does not require quantitative a priori knowledge of the antennas.
The main advantages of the Extrapolation Method, which presently utilizes amplitude versus distance data only, are its accuracy and generality, and there is essentially no upper frequency limit. It can, in principle, be applied to any type of antenna although some directivity is desirable to reduce multipath interference. Above 1 GHz, uncertainties between ±0.08 and ±0.10 dB in gain are achieved routinely. The maximum gain values that can be measured depend on the range dimensions since a maximum separation of approximately 2D2/X is desirable. With the present NBS facilities, the maximum gain ranges from about 45 dB at 75 GHz down to about 25 dB at 1 GHz.
At frequencies below 1 GHz and for the purposes of this paper, in the VHF-UHF region, a transfer standard is often broadbeam and produces ground reflections which cause oscillations in the amplitude data as a function of distance. These oscillations have longer periods than those due to the multiple reflections between antennas which are routinely averaged out Recently at NBS, it was determined that a VHF-UHF scalar horn can be designed to meet the requirements of a transfer standard for 240-400 MHz [4] . This fact was demonstrated by designing and constructing a C-band model of the VHF-UHF antenna and extensively measuring the critical performance parameters and comparing them with theoretical results. The expected calibration accuracy of the VHF-UHF horn was then determined by performing measurements of the scaled model on the NBS indoor extrapolation range. Measurements were conducted both with and without ground reflections so that we could determine how well we could correct for the multipath effects in our calibration technique. Ultimately, the full-scale horn will be measured on the NBS outdoor extrapolation range. Fig. 1 is an illustration of how we can use the scaled model horn on the indoor range to simulate the situation that will exist at 240-400 MHz on the outdoor range.
EXTRAPOLATION METHOD
The first step in the measurement process is to connect the generator and load ports together to obtain a reference signal. The antennas are then installed and the received signal is re-U.S. Government work not protected by U.S. copyright corded as a function of the separation distance. Fig. 2 is given in Fig. 4 . Note the region of oscillatory behavior due to ground reflections. Fitting this curve with a four-term polynomial in 1 /d, which is also shown in Fig. 4 , results in a calculated gain of 14.29 dB, 0.97 dB higher than its calibrated value obtained without the ground plane! In addition, it is evident from this figure that the differences between the averaged curve and the fitted curve are pronounced.
Denoting /t as the measured phase and Od as the phase of the direct wave, one can see that when the ground plane is removed, i.e., no ground effects present, the measured phase minus the phase of the direct wave should be zero plus an arbitrary constant in the far field. This is important in our analysis because the only assumption made in obtaining an amplitude versus distance plot that is free of multipath effects is that the direct wave phase can be represented in the far field 
where d is the separation distance and X is the wavelength. Using a laser interferometer to accurately measure the separation distance, the phase was measured without the ground plane to test the above assumption. (Since (1) is being used to calculate the phase of the direct wave, the measured separation distance must be accurate to about 1/360 of a wavelength. For this reason, at C-band, a laser interferometer was used to measure the separation distances. For measurements of the full-scale UHF-VHF horn, other means may be adequate.) The dashed line in Fig. 5 shows the results, demonstrating that for large distances, 0,-d is in fact extremely close to being constant. It should be noted that where the separation distance is small, the variation of k5 -d is due to the near-zone effect, i.e., the antennas are still in the near field of each other. (A correction for this effect is routinely obtained in the standard extrapolation method.)
An analysis of the interaction between the direct wave and the ground wave shows that at the local peaks of the /t -kd
where Vg and Vd are the amplitudes of the ground and direct waves, respectively. In addition, it can be shown that ..- Fig. 6 . After fitting this curve with a four-term polynomial, also shown in Fig. 6 , the gain of the antenna was calculated to be 13.27 dB, only 0.05 dB lower than the value obtained in the absence of ground reflections! In addition, in this figure, the differences between the curve and the fitted curve indicate the goodness of fit. 
RESULTS
In order to further test the use of the extended version of the extrapolation method, the gain of the scaled-model antenna was determined at four frequencies across the band. The amplitude versus distance data obtained without the ground plane present were processed by the extrapolation method to determine the gain of the antenna at these frequencies. Next, the aiaiplitude versus distance data obtained with the ground plane present were processed by the extended version of the extrapolation method to determine the gain. Comparisons were then made. In addition, the gain of the antenna was obtained with its principal component first horizontally and then vertically oriented. (The phase of the field reflected by the ground plane depends on the polarization of the field incident on the ground plane. This results in different, i.e., shifted, positions for the oscillations in the amplitude versus distance data. To be useful, the extended version of the extrapolation method must give the correct gain for all orientations.) Finally, the structures of the towers on which antennas are mounted on the outdoor range were simulated to determine their effect on the gain measurements. The results of all these measurements are summarized in Tables I and II. Upon examination of the data in Tables I and II , the rms difference between the gain values obtained with and without the ground plane are 0.07 and 0.09 dB for the principal component horizontally and vertically oriented, respectively. Also, the rms difference between the gain values obtained without the ground plane for the horizontal and vertical orientations is 0.07 dB. These values are within +0.10 dB, the bounds nominally expected by the error analysis discussed in [3] . It should be again noted that without the extended version of the extrapolation method to account for ground reflections, errors in gain could be in the order of + 1 to 2 dB. CONCLUSIONS A technique has been described to determine the gain of antennas operating at frequencies below 1 GHz. Under simulated conditions, it was determined that phase versus distance measurements can be used to determine an amplitude versus distance curve which is corrected for ground reflection effects. This curve can then be processed by the extrapolation method which uses amplitude data only to determine gain. Measure-ments on the full-scale VHF-UHF horn on the NBS outdoor extrapolation range are planned for the future.
Abstract-This paper describes the development, operation, and performance of a fully automated self-contained system which measures the near-field phase and amplitude of an antenna aperture and then computes and displays far-field antenna patterns and related data.
PURPOSE AND CONCEPT THE MEASUREMENT of antenna characteristics is a significant cost item in the development, manufacturing, and field use of many radar and communications systems. These costs are particularly high in the case of complex phased-array systems where large amounts of data are required for adequate evaluation. Conventional far-field antenna measurements, even when automated, require a lengthy program if a complete evaluation is to be properly carried out. If problems arise, the data that can be obtained on a far-field range rarely give adequate insight into the difficulty. A single miswired phase shifter may be almost impossible to find without dismantling the system.
The near-field measurement concept, which was developed into a practical approach by the National Bureau of Standards and the Georgia Institute of Technology provides an effective alternative to the far-field range. A near-field system has been developed which is completely self-contained and, after initialization, measures and evaluates the performance of pro-duction phased-array systems without operator interaction. While the primary use is production testing, the system program capabilities include general-purpose antenna evaluation and automated diagnostic testing. The near-field cost advantage arises from two factors; first the data obtained during a single two-dimensional scan of the aperture give, when analyzed, the entire two-dimensional pattern as well as beam position, gain, and other antenna parameters. In addition, the ability to measure many multiplexed data sets during that single scan means that an entire performance test may be completed in one measurement cycle. In practical terms, a group of 150 combinations of frequency, beam position, and port can be measured in about 14 h with an analysis for production evaluation requiring only another 4 h. Thus a complete cycle of testing can be completed in one day.
SYSTEM DESCRIPTION The near-field system consists of a two axis probe positioner, a mounting structure for the antennas to be tested, a signal source, a phase-amplitude detector, a computer system which includes all of the display and control equipment, and the special software for measurement, analysis, and display.
The probe positioner is similar to that used by NBS and may be thought of as a large XY plotter standing on end. Fig. 1 shows the positioner shortly after initial assembly. The probe can travel over a range of 13 ft in the X (horizontal) direction and 15 ft in the Y (vertical) direction. A corner of the antenna mounting structure can also be seen in this figure. It consists of a heavy-duty rotatable base which moves at right angles to the XY plane on roundway bearings. This combination of movement in the Z direction and rotation about the Y axis 0018-9456/83/0300-0091$01.00 (© 1983 IEEE 
